Abstract.-The African brood parasitic finches (Vidua spp.) are host specialists that mimic the songs and nestling mouth markings of their finch hosts (family Estrildidae). Although recent molecular analyses suggest rapid speciation associated with host switches in some members of this group, the association of different Vidua lineages with particular host genera suggests the possibility of cospeciation at higher levels in the host and parasite phylogenies. We compared a phylogeny of all Vidua species with a phylogeny of their estrildid finch hosts and compared divergence time estimates for the two groups. Basal divergences among extant members of the Vidulidae and among Vidua species are more recent than those among host genera and species, respectively, allowing a model of cospeciation to be rejected at most or all levels of the Vidua phylogeny. Nonetheless, some tests for cospeciation indicated significant congruence between host and parasite tree topologies. This result may be an artifact of clade-limited colonization. Host switches in parasitic finches have most often involved new hosts in the same or a closely related genus, an effect that increases the apparent congruence of host and parasites trees. [Brood
Analyses of host-parasite cophylogeny often consider hosts and parasites that belong to different phyla with different life histories and rates of molecular evolution (e.g., Hafner et al., 1994; Moran et al., 1995; Page et al., 1998; Peek et al., 1998) . In these cases, congruent phylogenies can provide evidence of cospeciation, but direct tests of similar divergence times, a second key prediction of cospeciation, are more difficult. Identical divergence times are assumed when completely congruent branching patterns are found, and this assumption provides a basis for comparing evolutionary rates (e.g., Moran et al., 1993) . Where rates of sequence evolution differ between hosts and parasites, correlated branch lengths in congruent portions of host and parasite phylogenies provide additional evidence of cospeciation (Page, 1996) . Systems in which hosts and parasites are more closely related allow a somewhat different approach. When both hosts and parasites can be included in a single phylogenetic analysis rooted with a more distant outgroup, rates of evolution and relative divergence times can be compared directly regardless of whether host and parasite phylogenies are congruent.
Recent studies addressing systems in which hosts and parasites are close relatives have tested Emery's Rule, which suggests that each parasitic species is most closely related to the host species it parasitizes (Emery, 1909; LeMasne, 1956 ; cited by Hölldobler and Wilson, 1990) . Polyphyletic origins of parasitism and sister relationships between hosts and parasites as predicted by a strict interpretation of Emery's hypothesis were found in red algae (Goff et al., 1997) , whereas a monophyletic origin of parasitism and subsequent colonization of closely related hosts is a more common result (Choudhary et al., 1994; Ronquist, 1994; Pedersen, 1996; Parker and Rissing, 2002) . In all of the above examples, however, parasitic taxa fall within the host clade, suggesting their derivation from one of the current host lineages. A single origin of parasitism followed by subsequent diversification and cospeciation might also produce host and parasite clades that are sister groups with congruent phylogenies.
A possible example are the brood parasitic finches, which are the sister group to the clade that includes most of their host species (Sorenson and Payne, 2001) .
The African brood parasitic finches (family Viduidae) comprise 19 species of indigobirds and whydahs in the genus Vidua plus the cuckoo finch Anomalospiza imberbis (Friedmann, 1960; Payne, 1996 Payne, , 1997b . The Vidua finches exhibit a greater degree of host specificity than do other parasitic birds, most Vidua species being associated with a single estrildid finch host species (Table 1) . Young estrildids have prominent and sometimes elaborate mouth markings, including black spots and/or lines on the palate and papillae of different sizes, shapes, and colors at the gape. The palate, buccal cavity and gape area also vary in color among species. Although information is lacking for a few species, nestlings of most Vidua species exhibit remarkably precise mimicry of the mouth markings of their respective hosts (Nicolai, 1964; Payne, 1973 Payne, , 1982 . Mimetic mouth markings improve the success of Vidua nestlings ) and apparently play a role in the unusual begging behavior shared by Vidua and their estrildid hosts. Like estrildids, young Vidua beg by twisting their heads nearly upside down and waving both head and tongue from side to side rather than by stretching upward (Nicolai, 1964; Payne et al., 2001; . Other attributes of host young, such as colors of the skin, natal down, and juvenile plumage, also are mimicked by different Vidua species (Nicolai, 1964; Payne, 1997a) .
Strong host specificity led Nicolai (1964) to suggest a history of cospeciation for the brood parasitic Vidua and their hosts. This model could explain both hostparasite associations and the evolution of mimetic mouth markings without requiring the parasites to have colonized new hosts with different markings. Recent analyses based on mitochondrial DNA (mtDNA), however, lead to two contrasting inferences about the history of parasitic finches and their hosts. First, a sister relationship between Anomalospiza and Vidua indicates a single ancient origin of obligate brood parasitism in African 140 TABLE 1. Parasitic finch species and their respective hosts. Principal hosts are indicated by an asterisk. Other host species are either parasitized in a small part of the parasitic species range or are infrequent hosts with relatively few records of parasitism (Payne, 1996 (Payne, , 1997b (Payne, , 1998 (Payne, , 2004 . The first host listed is used as the primary host in analyses that used only one host species per parasitic species. Behavioral data for other indigobird species suggest that populations of indigobird species associated with more than one host may be reproductively isolated. Given a lack of morphological differentiation in adult males associated with different hosts, however, these birds are treated as single species pending evidence of significant morphological (e.g., nestling mouth markings) or genetic differentiation.
b A sample of this host species was not available for our analysis. c Associations between V. macroura and these two species were not included in the quantitative analyses.
finches (Sorenson and Payne, 2001 ) dating back to before the common ancestor of all extant estrildids, thus suggesting that ancestral parasitic finches were closely related to their hosts and that parasitic finches and estrildids share a long coevolutionary history. In contrast, molecular data for indigobirds (Klein and Payne, 1998; Sorenson and Payne, 2002; Sorenson et al., 2003b) and paradise whydahs (Klein and Payne, 1998) , two separate clades within Vidua, indicate a recent origin of extant species and a history of host colonization rather than cospeciation. Rapid speciation following host colonization in indigobirds can be attributed to behavioral imprinting mechanisms that result in assortative mating of parasites reared by the same host species. Male indigobirds mimic the songs of their respective hosts (Nicolai, 1964; Payne, 1973 Payne, , 1982 Payne, , 1998 Payne et al., 1993; Payne, 1994, 1995) , and recent experiments with captive birds show that this behavior is learned by young indigobirds . Female indigobirds also imprint on host songs and use song cues to choose both their mates and the nests they parasitize (Payne et al., 2000) . Similar mechanisms likely account for speciation in paradise whydahs and perhaps other Vidua. An ancient origin of parasitism, however, and the association of most Vidua clades with particular host genera suggest the possibility of congruent branching patterns deeper in the phylogenies of Vidua and their hosts and longer term associations between particular host and parasite clades.
In addition to indigobirds and paradise whydahs, Vidua includes four other long-tailed whydah species (Table 1) . The paradise whydahs are associated with melba finches Pytilia spp., V. fischeri and V. regia parasitize two different Granatina species, and V. hypocherina and the generalist V. macroura are associated with waxbills (Estrilda and Coccopygia); whereas most indigobirds parasitize firefinches Lagonosticta spp., although recent field studies have revealed hosts in five additional 142 SYSTEMATIC BIOLOGY VOL. 53 genera Payne, 1994, 1995 ). We address here higher level relationships within Vidua and compare phylogenies of Vidua and their estrildid hosts to test for congruent branching patterns and similar divergence times in host and parasite clades. The close relationship of parasitic and estrildid finches allowed us to directly compare relative divergence times after correcting for differences in evolutionary rate between lineages.
METHODS

Taxa and Characters
Most of our analyses were based on an mtDNA data set comprising ∼1,650 base pairs (bp) of sequence data per taxon. We included in our analyses representatives of all Vidua species and the cuckoo finch Anomalospiza imberbis, which parasitizes more distantly related Old World warblers. We also included all known estrildid host species except V. charmosyna and at least one representative of all other estrildid genera except Paludipasser, Oreostruthus, and Zonaeginthus. Our analyses included 74 estrildids, 21 parasitic finches, and nine ploceid finches (Ploceidae) as the outgroup (see Sorenson and Payne, 2001) .
The principal data set included two mtDNA regions. The first comprised ∼1,100 bp/taxon and included almost all of NADH dehydrogenase subunit 6 (ND6), glutamic acid tRNA, and the 5 half of the control region. The second comprised 549 bp/taxon and included the 3 half of ND2 and a small portion of tryptophan tRNA. ND2 was not sequenced for 8 of the 11 indigobird samples included in our analyses. Primers and laboratory protocols were as described previously (Sorenson et al., 1999; Sorenson and Payne, 2001; . DNA was extracted from feathers or muscle tissue rather than blood to avoid problems associated with nuclear pseudogenes (see Sorenson and Fleischer, 1996; Sorenson and Quinn, 1998) .
In an attempt to better resolve relationships among the major clades within Vidua, we compiled a larger data set for 14 taxa, including Anomalospiza imberbis, two estrildids (Chloebia gouldiae and Lagonosticta sanguinodorsalis), and 11 representative Vidua. Mitochondrial DNA regions included those mentioned above plus complete sequences of ND1, ND2, the small subunit ribosomal RNA (12S), and ATP synthase subunit 8 (ATP8), partial sequences of 16S, cytochrome oxidase subunit II (COII), ATP6, and ND5, plus complete or partial sequences of seven tRNAs. This larger mtDNA data set comprised 6,575 aligned nucleotide positions. We also sequenced six nuclear introns from five different genes: introns 3 and 9 of phosphenolpyruvate carboxykinase, intron 5 of transforming growth factor β 2, intron 5 of laminin receptor precursor/p40, intron 11 of glyceraldehyde-3-phosphate dehydrogenase, and intron 8 of α-enolase. Our choice of introns followed previous studies (Friesen et al., 1999; Pacheco et al., 2002; Primmer et al., 2002; Sorenson et al., 2003a ), but we designed our own EPIC (exon priming, intron crossing; Palumbi and Baker, 1994) primers based on GenBank sequences for Gallus gallus, Homo sapiens, and other species when available. The nuclear data set included 2,908 aligned nucleotide positions.
Information on voucher specimens and GenBank accession numbers is provided in Appendix 1. Primer sequences not reported in previous studies are provided in Appendix 2.
Phylogenetic Analyses
Because a comparison of divergence time estimates was a principal goal of this study, we limited most of our analyses to regions of unambiguous alignment and excluded all positions with a gap character in one or more taxa, leaving a set of 1,527 homologous characters present in all taxa. Tree searches under equal-weights parsimony were completed in PAUP * 4.0b10 (Swofford, 2002) . To conduct a model-based analysis for the large number of taxa in our data set, we used Bayesian inference as implemented in MrBayes 3.04b (Huelsenbeck and Ronquist, 2001) . Preliminary analyses using Modeltest (Posada and Crandall, 1998) indicated that the general time reversible model with unequal nucleotide frequencies, a proportion of invariant sites (I), and -distributed rate variation among sites provided the best fit to the data. In each of four replicate analyses for each data set, we ran four Markov chains for 2.2 million generations each and sampled trees every 500 generations. Excluding the first 0.5 million generations, we obtained the majority rule consensus of the sampled trees and used it for subsequent comparisons of host and parasite phylogenies and divergence times. Identical consensus trees with nearly identical posterior branch probabilities (±5%) were obtained in the replicate analyses.
Parsimony analyses of the larger mtDNA plus nuclear data set for representative Vidua included all 9,483 alignment positions. Gaps within the mtDNA alignment, most of which were clearly the result of single nucleotide insertion or deletion events, were treated as a fifth character state. Multiple base deletions in intron sequences were recoded as single characters. A set of 6,488 mtDNA characters present in all taxa was used in Bayesian analyses. Given weak support for basal nodes in the Vidua phylogeny, we explored the effect of outgroup by excluding either Anomalospiza or the two estrildid finches.
Analyses of Host-Parasite Associations
Prior to comparing host and parasite phylogenies and estimating divergence times, the Bayesian consensus tree from the initial analysis of 103 taxa was modified in the following ways. Estrildid species that are not regular hosts of Vidua parasites were pruned from the tree. Basal relationships within Vidua were adjusted to reflect results of the 14-taxon analyses, which were based on four to six times as many characters. So that all Vidua species could be included in the analysis, V. togoensis was added to the tree as the sister taxon of V. interjecta. A short mtDNA control region sequence obtained from a museum specimen of this species was identical to that of V. interjecta (M.D.S. and R.B.P., unpubl. data). Indigobird 143 species are recently derived and not reciprocally monophyletic in mtDNA haplotypes (Sorenson et al., 2003b) . A set of closely related haplotypes is shared among the species in each region, such that the single representatives included in this study form polytomies with internal branches of zero length. Because some analyses required fully resolved trees, we used estimates of population level differentiation (Sorenson et al., 2003b) to resolve a clade of six West African indigobird species and a clade of four southern species. Species showing greater differentiation in mtDNA haplotype and microsatellite allele frequencies were placed in basal positions. Variations on the above adjustments had little or no effect on inferences derived from our analyses.
Parasites and hosts in our analysis are sister groups that can be included in a single phylogenetic analysis. This combined analysis facilitates the comparison of divergence times by allowing a direct comparison of rates of sequence evolution in parasites and hosts. We conducted relative rates tests using the method of Steel et al. (1996) to compare evolutionary rates among Anomalospiza, Vidua, and estrildids. Consistent with the findings of Sorenson and Payne (2001) , these tests indicated significantly different rates of sequence evolution in all three clades, with the highest rate in Anomalospiza, an intermediate rate in Vidua, and a lower rate in estrildids.
To convert branch length information into comparable estimates of divergence time for hosts and parasites, we used the Langley-Fitch method as implemented in the program r8s (Sanderson, 2003) to obtain ML estimates of divergence times under a local molecular clock model with different rates of sequence evolution for Anomalospiza, Vidua, and estrildids, respectively. This method converts branch length estimates into calibrated divergence time estimates for each node under the assumption that rates of sequence evolution are constant within each of the specified clades, an assumption consistent with results of relative rates tests within each clade. In the present example, this approach yields parasite divergence times that are more recent than host divergence times for a given level of sequence divergence, as is appropriate given a faster rate in the parasitic lineage. Results using the penalized likelihood method (Sanderson, 2002) with the smoothing parameter set to one were qualitatively and quantitatively similar. Maximum likelihood (ML) branch lengths on the modified consensus tree were estimated in PAUP* using the following parameters: base frequencies: A = 0.3589, C = 0.3634, G = 0.0993, T = 0.1785. relative transformation rates: A → C = 0.3672, A → G = 7.2795, A → T = 0.4334, C → G = 0.2875, C → T = 5.6874, G → T = 1.0000; proportion of invariant sites: I = 0.3873; shape parameter for the distribution: α = 0.7861. We fixed the age of the most recent common ancestor of parasitic and estrildid finches at 20 million years based on the rough estimate of Sorenson and Payne (2001) . Although we have little confidence in the accuracy of this estimate, error in this calibration point has no effect on the comparison of relative divergence times between Vidua and estrildids because we estimated times for both groups in the same analysis.
We compared host and parasite phylogenies and examined associations between them in three different ways. First, we used TreeMap 1.0b (Page, 1995) to compare phylogenies for the estrildid host species and Vidua parasites, respectively. Host and parasite trees were reconciled without host switching, and the number of reconstructed cospeciation events was compared with a null distribution derived by randomizing the parasite tree (Page, 1990) . The maximum number of cospeciation events when host switches are allowed was also determined using an exact search in TreeMap (Page, 1994a (Page, , 1994b . We constructed jungles using TreeMap 2.0.2β (Charleston and Page, 2002) to find reconstructions of host-parasite history with minimal cost; costs of duplication, sorting, and host-switching events were set at one, whereas cospeciation had a cost of zero. This last analysis was completed with a reduced data set in which each parasite was associated with a single primary host species.
The program ParaFit (Legendre et al., 2002) implements a general test of coevolution between host and parasite clades that accommodates both multiple hosts per parasitic lineage and uncertainty in tree topologies. The null hypothesis that the evolution of host and parasites has been independent is tested by combining information from genetic distance matrices for hosts and parasites, respectively, with a matrix of host-parasite associations. We obtained ML estimates of pairwise genetic distances using the model parameters noted above and converted the distance matrices to matrices of principal coordinates using the program DistPCoA (Legendre and Anderson, 1998) . ParaFit combines these matrices with a matrix of host associations into a single global test statistic that is compared with a null distribution generated by randomizing host-parasite associations. The significance of individual associations between hosts and parasites is also tested by sequentially deleting each host-parasite pair from the analysis. We completed this analysis with all of the host associations listed in Table 1 and with a single principal host per parasitic species.
Because our analyses indicated much shorter divergence times for parasites than for hosts, we reasoned that most or all host-parasite associations in this system are the result of host switching rather than codivergence. We therefore tested for nonrandom association of parasites with host genera by treating host genus as a character on the parasite tree. The number of steps in this character was compared with a null distribution obtained by randomizing character states (host genera) across parasitic taxa (see Kelley and Farrell, 1998) .
RESULTS
Estrildid Phylogeny and Distribution of Hosts
A genus-level phylogeny of estrildid finches is shown in Figure 1 . The family is comprised of two clades, one primarily African but including two Amandava species in Asia and one primarily Australasian that includes three African genera and Lemuresthes in Madagascar. The African clade and groups within it are supported by 144 SYSTEMATIC BIOLOGY VOL. 53 FIGURE 1. Phylogeny of estrildid finch genera based on this majority rule consensus tree from a Bayesian analysis of 1,527 mtDNA nucleotide positions for 103 taxa. Genera for which multiple species were sampled are condensed to a single branch, with the number of extant species in each genus indicated in parentheses (not all species in all genera were included in our analysis). Genera parasitized by Vidua are indicated by solid circles. Other African genera not parasitized by Vidua are indicated by open circles if they nest in relatively open habitats or by F if they nest in forested habitats. A = Australasian genera; M = Madagascan genera. Bayesian posterior probabilities and parsimony bootstrap values are shown above and below branches, respectively. Several nodes in this tree were not present in the MP tree for this data set.
high posterior probabilities from the Bayesian analysis. In the most-parsimonious (MP) tree, the genera Amadina, Ortygospiza, and Amandava are paraphyletic and basal to all other estrildids, but this result is sensitive to the outgroups included. Excluding parasitic finches, which have a faster rate of sequence evolution, and using only plocieds as the outgroup, the MP tree is consistent with the Bayesian analysis in placing this group of three genera at the base of the African clade.
Most African genera that nest in open habitats are regularly parasitized by Vidua. Exceptions include the three cordon-bleus (Uraeginthus spp.) and two Amadina species. Cordon-bleus are abundant and broadly distributed and are behaviorally appropriate hosts for indigobirds . Although anecdotal cases of parasitism of cordon-bleus by V. regia, V. fischeri, V. hypocherina, and V. macroura are known (Payne, 1996 (Payne, , 2004 , the lack of a Vidua species regularly associated with Uraeginthus is puzzling. Estrildids nesting in forests or other more heavily wooded habitats (F in Fig. 1 ) apparently are unavailable to Vidua parasites, which live in open woodlands and shrubby grassland habitats. African genera falling within the primarily Australasian clade also are not regularly parasitized by Vidua, although the bronze manikin Spermestes cucullatus is parasitized by the generalist V. macroura in some areas (Friedmann, 1960; MacDonald, 1980) .
Parasite Phylogeny
The results of all the analyses conducted in this study were consistent with those of a previous study (Sorenson and Payne, 2001 ) indicating monophyly of the parasitic finches (Vidua plus Anomalospiza) and a sister relationship between parasitic and estrildid finches (Fig. 1) . None of our analyses, however, provided clear resolution of basal relationships within the genus Vidua. The genus includes four main clades: (1) steel-blue whydah V. hypocherina, (2) pin-tailed whydah V. macroura, (3) a group of five paradise whydah species, and (4) a clade comprising 10 closely related indigobird species plus straw-tailed whydah V. fischeri and shaft-tailed whydah V. regia.
Relationships among these four main lineages were identical in Bayesian and parsimony analyses based on 6,488 bp of mtDNA sequence for 11 Vidua and three outgroup taxa (Fig. 2) . The same topology was found in one of three MP trees for the nuclear intron data and in a combined parsimony analysis of the nuclear and mtDNA data. Relationships among the four Vidua clades were not strongly supported, however, and the topology was sensitive to the outgroups included. Although Anomalospiza and Vidua are sister taxa, sequence divergence between them is greater than that between Vidua and the estrildids because of a faster rate of evolution in parasitic finches (Sorenson and Payne, 2001 ), particularly on the branch leading to Anomalospiza (Fig. 3) . With Anomalospiza excluded, alternative arrangements among the four main Vidua clades were found in Bayesian and parsimony analyses, respectively. The 1,527-bp mtDNA data set with a much larger number of outgroup taxa yielded yet another topology in the Bayesian analysis (Fig. 1) . With Anomalospiza excluded, the MP tree for the 1,527 bp data set included a sister relationship between V. macroura and V. hypocherina, a result not seen in other analyses. Both of these taxa parasitize waxbills (genus Estrilda).
In spite of relatively high posterior branch probabilities in some analyses, sensitivity of results to the outgroups included suggest the presence of systematic biases in the mtDNA data set that are not accounted for by the model of sequence evolution used in our analyses. In contrast, poor resolution in analyses based on nuclear sequences resulted primarily from a lack of informative variation. Clearly, short internal nodes at the base of the Vidua phylogeny make resolution of the branching order among the major Vidua clades difficult. Given more recent divergence times in Vidua than in their hosts (see below), uncertainty in the Vidua phylogeny is not particularly problematic with respect to the questions addressed here.
For the following comparisons of host and parasite phylogenies and divergence times, we combined the host tree summarized in Figure 1 with the parasite tree in Figure 2 and included several additional Vidua species. This consensus phylogeny is shown in Figure 3 , in which both a faster rate of sequence evolution in parasitic finches (long basal branches) as well as many recent speciation events within Vidua (short terminal branches) are evident.
Cophylogenetic Analyses
The association of different parasite clades with particular host genera produces at least the appearance of congruence between phylogenies for Vidua and their hosts (Fig. 4) . Paradise whydahs are associated with melba finches (genus Pytilia), whereas most indigobirds are associated with firefinches (genus Lagonosticta), but relationships within each group are incongruent with the host tree. Considering only deeper level relationships within Vidua and the principal genus with which each group of parasites is associated, the host tree predicts the following topology: ((V. hypocherina, V. macroura) ((V. fischeri, V. regia)(paradise-whydahs, indigobirds))). Of the five sister relationships predicted, our analyses consistently supported only V. fischeri + V. regia (see also Klein and Payne, 1998) , although a sister relationship between V. hypocherina and V. macroura was found in one analysis. The association of V. regia and V. fischeri with two Granatina species may be the best candidate for an example of cospeciation in parasitic finches and their hosts.
Including all of the host-parasite associations listed in Table 1 , tree reconciliation with no host switching suggests eight cospeciation events between Vidua and their hosts, a number not significantly greater than expected based on a null distribution obtained by randomizing the parasite tree (P = 0.15). Considering only the primary host for each parasite (see Table 1 ), nine cospeciation events are reconstructed, significantly more than expected by chance (P = 0.027). This reconstruction, however, requires 55 sorting events (parasite extinctions) and nine duplication events (parasite speciation without host switch) and posits as many as seven 146 SYSTEMATIC BIOLOGY VOL. 53 FIGURE 3. Phylogeny of brood parasitic finches and estrildid finch hosts used in cophylogenetic analyses. The tree combines the host phylogeny based on the 1,527-bp mtDNA data set ( Fig. 1) with the best parasite tree based on the 6,488-bp data set (Fig. 2) and adds several Vidua taxa. ML branch lengths for the 1,527-bp mtDNA data set are shown.
parasitic lineages simultaneously associated with some ancestral hosts. Given the importance of imprinting mechanisms in mate choice and reproductive isolation in Vidua (Payne et al., , 2000 , both multiple parasites per host and duplication events seem unlikely. Among extant species, there are no examples of two different Vidua species regularly parasitizing the same host species in the same region. Jungle reconstructions in TreeMap 2.0.2β allowing an increasing number of host switches resulted in increasingly lower cost solutions (because of smaller numbers of sorting and duplication events), suggesting that a history involving host switching provides a simpler explanation for the associations of Vidua and their hosts. Computational limitations prevented us from exploring reconstructions with more than three host switches, but these reconstructions had the lowest cost, suggesting that lower cost reconstructions with a greater number of host switches would be possible (see Johnson et al., 2003) . In reconstructions with three host switches, the program identified switches from ancestral firefinch Lagonosticta lineages to three of the other genera parasitized by indigobirds (Amandava, Ortygospiza, and Hypargos). Incorporating these switches to relatively distant host genera apparently resulted in the greatest reduction in the number of sorting and duplication events needed to explain current host-parasite associations and also reduced from seven to four the maximum number of parasite lineages associated with a single ancestral host.
Comparison of host and parasite phylogenies using ParaFit suggests that phylogenies of Vidua and their hosts are significantly nonindependent, whether we consider all host-parasite associations listed in Table 1 (P < 0.001) or just one primary host for each parasitic species (P = 0.036). This result suggests that pairs of closely related hosts are more often parasitized by pairs of closely related parasites than expected by chance, a result suggesting that cospeciation may have been an important process in the history of these birds. Results of significance tests for individual host-parasite links, however, were less than intuitive. With all hostparasite associations included, almost all of the individual host-parasite links contributed significantly to the overall test statistic. Nonsignificant links included those between V. camerunensis and its hosts Clytospiza and Euschistospiza and between V. codringtoni and Hypargos, cases in which indigobirds have colonized more distantly related hosts. Other nonsignificant links, however, included those between V. fischeri and V. regia and their respective hosts. In contrast, links involving V. raricola and V. nigeriae, two other indigobird species associated with distantly related genera, were significant in both analyses and were among the few individual links that were significant in the test with one primary host per parasite. Thus, the method did not consistently identify as nonsignificant the links most obviously involving host switching (cf. Legendre et al., 2002) .
Although some of the above tests suggest significant nonindependence of host and parasite phylogenies, comparison of divergence times indicates that few of the current associations between parasitic finches and their hosts are the result of cospeciation. Branch lengths in Figure 4 are based on divergence time estimates from the program r8s, in which rate variation among lineages was accommodated using local molecular clocks for estrildids, Vidua, and Anomalospiza, respectively. Estimated rates of sequence evolution for these taxa were 1.1%, 1.4%, and 2.3% per lineage per million years (MY) (assuming 20 MY for the common ancestor of estrildid and parasitic finches). The most recent common ancestor (MRCA) of the host species was estimated to be 11.3 MY, whereas the MRCA of Vidua was only 5.0 MY. In contrast, the MRCA of Vidua and Anomalospiza was 13.6 MY, representing a minimum estimate for the origin of parasitism that is older than the MRCA of all the estrildids included in Figure 1 . The penalized likelihood method (Sanderson, 2002) , in which rate variation is allowed throughout the tree, yielded similar results, except for a somewhat lower rate of evolution in Anomalospiza (1.65%) and an older estimate for the MRCA of Vidua and Anomalospiza (14.9 MY).
We compared selected nodes in the host and parasite trees that represent possible cospeciation events if only tree topology is considered (see Fig. 4 ). In most cases, divergence times for the parasites are substantially more recent than those for hosts (Fig. 5) . Indigobirds and paradise whydahs in particular are much more recently derived than their hosts (see also Klein and Payne, 1998; Sorenson and Payne, 2002; Sorenson et al., 2003b) . In contrast, the divergence time of southern and western V. macroura is relatively old and similar to the MRCA of five Estrilda species that are its principal hosts. This finding suggests a long-term association between V. macroura and this host clade and diversification of host species without speciation in the parasite. The divergence between V. fischeri and V. regia is about half the divergence between their respective hosts in the genus Granatina, also suggesting long-term associations between these hosts and parasites even if the associations were established by colonization. Allowing for some host switching and uncertainty in basal Vidua relationships, splits between any of the four main Vidua lineages also might represent cospeciation events. The MRCA of Vidua, however, is substantially more recent than the base of the host tree or any of the intergeneric divergences in the host tree. In one case, however, host and parasite divergence times are nearly equal: the divergence between V. macroura and V. hypocherina is similar to the divergence between their primary hosts in the genus Estrilda. Vidua macroura, however, has additional hosts in other more distantly related genera, including Coccopygia, Amandava in South Africa (Mines, 1999) , and Spermestes, which falls within the primarily Australasian clade and is the most divergent of all Vidua hosts.
Although most host associations in parasitic finches are the result of colonization rather than cospeciation, switches between host genera have been infrequent.
When host genus is treated as a character and is reconstructed on the parasite tree (an approach that assumes all host associations are due to colonization events), nine switches between host genera are required, a number significantly smaller than expected if host associations were randomized on the parasite tree (P < 0.0001). A similar result is obtained when considering a single primary host for each parasitic species (P < 0.0001). The largest number of switches involve indigobirds, which have colonized hosts in five genera in addition to their primary hosts, the firefinches (genus Lagonosticta).
DISCUSSION
Current associations between brood parasitic finches and their hosts have developed primarily through host colonization rather than cospeciation. This colonization process, however, has been limited such that host switches have most often involved new hosts in the same or a closely related genus, a conclusion reached in several studies on other taxa (e.g., Choudhary et al., 1994; Ronquist and Liljeblad, 2001; Charleston and Robertson, 2002) . This clade-limited colonization results in host and parasite trees that are significantly nonindependent, as would be expected if cospeciation were important in the history of these species. Comparison of relative divergence times, however, allows cospeciation to be rejected at most levels of the Vidua phylogeny.
As noted by Charleston and Robertson (2002) , cophylogenetic analyses may identify cospeciation events even when none have occurred if host shifts occur primarily between closely related hosts. Clade-limited host switching also may result in correlated genetic distances between pairs of hosts and their associated parasites, another prediction of cospeciation that can be tested even when rates of evolution differ between parasites and hosts (e.g., Page, 1996; Paterson and Banks, 2001 ). This effect likely explains the significant results we obtained using ParaFit, which distills matrices of genetic distances among hosts and parasites, respectively, and a matrix of host-parasite associations into a single global test statistic. Other processes such as similar responses of hosts and parasites to shared biogeographic history also may produce tree topologies consistent with cospeciation, making a comparison of absolute divergence times an important additional test of cospeciation (Page, 2003) . The close relationship of parasitic finches and their estrildid finch hosts allowed us to account for differences in evolutionary rates and to obtain comparable estimates of divergence times for both groups in the context of a single phylogenetic analysis.
Clade-limited colonization is a general expectation for parasites that switch hosts in that new hosts closely related to the original may share characteristics that influence parasite fitness (e.g., Reed and Hafner, 1997; Tompkins and Clayton, 1999; Perlman and Jaenike, 2003) . In the case of brood parasitic finches, successful host colonization may be influenced by the degree of mismatch between the mouth markings of parasitic chicks and those of the young of a novel host. Mouth patterns in estrildid finches vary substantially more among genera than among species within genera (R.B.P., unpubl. data). Thus, the predominance of firefinches (Lagonosticta spp.) among indigobird hosts, for example, may be due to greater success in colonizing host species with mouth markings that are more similar to those of the ancestral host, which (based on begging calls mimicked by indigobirds) may be L. rubricata or L. rhodopareia . In an experiment using captive birds, village indigobirds V. chalybeata (with mouths that mimic red-billed firefinches L. senegala) were more likely to survive in firefinch nests than in nests of Uraeginthus or Amandava, although inappropriate mouth markings were not an absolute barrier to being reared by another species . Behavioral mechanisms of host choice by female parasites (Payne et al., 2000) also may favor the colonization of closely related hosts that share similar songs, nest characteristics, and habitats.
The colonization of new hosts by indigobirds is facilitated by behavioral imprinting mechanisms that result in reproductive isolation of parasites associated with different host species (Payne et al., , 2000 . Recent speciation following host switches accounts for the limited but significant genetic differentiation among extant indigobirds (Sorenson et al., 2003b) . A similar level of mtDNA differentiation among paradise whydah species ( Fig. 4 ; Klein and Payne, 1998) may reflect a similar history of recent host colonization and speciation. The history of host-parasite associations for other Vidua, however, may not follow the same pattern. The estimated divergence time of V. fischeri and V. regia, for example, is approximately 1.4 MY, 39% of the divergence time of their respective hosts (Fig. 4) , suggesting a fairly long period of continuous association for each parasite with its host. Both hosts and parasites are allopatric sister taxa, suggesting a geographic component in the speciation process in both host and parasite lineages. In addition, our estimates of divergence time did not account for the potential discrepancy between the divergence time of two populations and their respective mtDNA lineages (Edwards and Beerli, 2000; Arbogast et al., 2002) . Given generally smaller population sizes in parasitic birds than in their hosts, divergence times for the two Granatina species and V. regia + V. fischeri may be more similar than indicated above. Factoring in stochasticity in the lineage sorting process, it is at least possible that these associations are the result of cospeciation.
The divergence between V. macroura and V. hypocherina also is similar to the divergence time of their principal hosts (point 7, Fig. 5 ). Whether or not this finding represents an old cospeciation event, both species have likely had long and continuous associations with their current hosts (Fig. 4) . The estimated divergence time of southern and West African V. macroura is comparable to the time of the MRCA of the five Estrilda species that are this species' principal hosts (point 6, Fig. 5 ). In contrast to other Vidua, V. macroura are not known to mimic host song (Payne, 150 SYSTEMATIC BIOLOGY VOL. 53 1997b) . Behavioral isolating mechanisms found in other Vidua therefore may be absent in V. macroura, resulting in continuing gene flow among individuals associated with different hosts and a failure to speciate in response to host speciation (see Johnson et al., 2003) .
A remaining puzzle is the contrast between an ancient origin of brood parasitism in finches (Sorenson and Payne, 2001) , likely dating back to before the MRCA of extant estrildids, and a relatively recent origin of extant Vidua. What were the host associations of ancestral Vidua during those time periods represented by long branches in the parasite tree? Ancestral paradise whydahs, for example, were probably associated with melba finches Pytilia during the long branch leading to node 5 in Figure 4 . Ancestral parasites along the branch leading to node 2 might have been associated either with firefinches Lagonosticta or with grenadiers Granatina. If they were associated with grenadiers, recent colonization of firefinches may have led to the radiation of extant indigobirds. Alternatively, if the ancestor of V. fischeri and V. regia was derived from a parasitic lineage associated with firefinches, which firefinch species was associated with the ancestral parasite lineage and why are there no divergent lineages among the extant parasites of firefinches? Similar questions apply to the long branch leading to the MRCA of extant Vidua (node 4 in Fig. 5 ), representing a time period of perhaps 8 MY. Extant Vidua may represent only the most recent products of a recurring process of host colonization, speciation, and extinction in the parasitic lineage. The association of a particular parasitic lineage with a given host clade may be older than any of the extant parasitic species and may result in clade-level coevolution between hosts and parasites that reinforces a pattern of cladelimited colonization. This scenario seems likely for paradise whydahs and melba finches and certainly applies more generally to the association of Vidua and estrildid finches. T807 UMMZ 
